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CHAPTER

I

INTRODUCTION

OBJECT
The object of this work was to design and build equipment to measure
the aerodynamic forces which will cause self-induced oscillations of a
body having an unsymmetrical cross-section, such as a D-section.
♦

This self

induced oscillation has been called "stall flutter" or in electrical trans
mission lines, "galloping-transmission lines."

It is hoped that this equip

ment will be used to gain basic Information about these aerodynamic forces.
BACKGROUND
The nomenclature will follow closely that of Simonsen (l) , and as
much as possible to standard nomenclature in the field of fluid dynamics.
The aerodynamic forces measured will be reduced to the three commonly
used dimensionless coefficients;
cients.

lift, drag, and pitching-moment, coeffi

These coefficients are defined by the following equations;
Cd

=

D/(l/2 p V2A)

1

C,
Ju

=

L/(l/2 p V2A)

2

Cffi

-

M/(l/2 p V2Ad)

3

where
=

drag coefficient (dimensionless)

=

lift coefficient (dimensionless)

Cffi =

moment coefficient (dimensionless)

Number in parenthesis refers to number of reference in Bibliography
Information inside parentheses gives a commonly used set of units
for each item, although any set could be used.
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D

-

drag force (pounds)

L

=

lift force (pounds)

M

=

pitching-moment (foot-pound)

p

=

density (slug per cubic foot)

V

=

relative velocity of the undisturbed air stream (ft. per second)

A

=

a characteristic area of a body (square feet)

d

=

charactertistic length of a body (feet).

The drag force has been defined (2,3,M as "the component of the
total air force on a body parallel to the relative wind", the lift force
as "the component of the total force perpendicular to the relative wind."
The pitching-moment is defined as the moment tending to twist the
body around an axis perpendicular to the relative wind.
The unsymmetrical section used in this study was one having a semi
circular cross-section as shown in Figure 1.
red to as a D-section.

This section

was' refer

The characteristic area for this section

was

A = dS, where d is the diameter of the D-section as shown in Figure 1 and
S is the span.

The characteristic length for the D-section was the maxi

mum diameter, (d).
The angle of attack (a) was defined as the angle that a plane, per
pendicular to the frontal area and parallel to the span of the D-section,
makes with the undisturbed fluid stream.

See Figure 1.

To measure these aerodynamic forces, a strain gage network was used.
In calculations involving the strain gage network, the following nomenclaure was used;
a r /r
Al/l
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k

where
G

-

gage factor (dimensionless)

R

=

unstrained resistance of strain gage (ohms)

AR

=

change in resistance of strain gage due to a strain (ohms)

1

=

original length of strain gage (inches)

A1

=

change in length of strain gage due to a strain (inches).

Other symbols used were:
E

= voltage (volts)

I

= current (amps or milliamps

e

= strain (inches per inch)

S

= stress (pounds per squareinch)

Y

=

[raa])

Young's modulus of elasticity (pounds per square inch).

EXTENT OF WORK
The work done in this study was:
(2)

(l) the design of equipment,

building the equipment, (3) testing the equipment, and (4) recom

mendations for changes in design.
While testing the equipment, it was found that the basic design would
perform the function of continually measuring the aerodynamic forces of
lift, drag, and pitching-moment of an unsymmetrical body while the body was
being oscillated in an air stream.

It was also found that several changes

in the design needed to be made before reliable data could be obtained.

CHAPTER

II

DESIGN AND DESCRIPTION OF APPARATUS

The design of the equipment for measuring aerodynamic forces of a
non-lift section was under four main headings: (l) wind tunnel, (2) non
lift section,

(3)

equipment to oscillate the system, and (1+) instrumen

tation for measuring these forces.
WIND TUNNEL
A new wind tunnel was designed and built.

A model 5^-26 1/2-1750

Joy Axivane fan was used to draw air through the wind tunnel. The fan
was powered by a 50 horsepower electric motor which rotated at 1755 re
volutions per minute.
The wind tunnel was designed to allow the cross-section of the testing
area to be varied from a rectangular cross-section of ^ft.x 2 ft. to a rec
tangular cross-section of 2ffc-x 2ft. In this study, only the large cropssection was used.
Two devices were used to regulate the air velocity inside the tun
nel.

They were: (l) a set of baffles placed between the testing area and

the fan, and (2) a by-pass placed between, the baffles and the fan.

Figure

2 shows a photograph of the by-pass^ also seen in this photograph just
ahead of the by-pass are the handles for adjusting the baffle settings.
By adjusting the baffle setting and the by-pass opening, the desired vel
ocity was obtained inside the wind tunnel.
The entrance to the wind tunnel was designed using the curves of Smith
and Wang (5). This entrance was designed to give a uniform air velocity in
the testing area of the wind tunnel.

During the test run, the non-lift sec

tion was placed in the middle of this area.

To determine the validity of

Smith and Wang's curves for the entrance section used, a two-dimensional
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Figure 2

Photograph of Baffles and By-pass for Regulating Air Velocity Inside Wind
Tunnel
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electrical analog using electrical conducting paper was built.

This

analog showed that a uniform velocity should exist inside the wind tunnel.
D-SECTIONS
The non-lift section used in this study was a D-section.

The D-

section was semicircular in cross-section, and its dimensions were dia
meter (d) 3 inches, and span (S) 1+7 inches (see Figure l).

Since the D-

section was rotated by the same system that measured the aerodynamic forces
on it, it was essential that the mass, and hence, the polar moment of
inertia be kept as small as possible.

If the mass of the D-section be

comes too large, the inertial force due to its rotation will be so large
compared to the aerodynamic forces on the D-section, that a system capable
of withstanding the high inertial force will not be sensitive enough to
measure the small aerodynamic forces.
D-sections were made from two materials:

(l) polystyrene foam.with

an aluminum framework,and (2) pine wood.
The foam D-sections were made by mixing a liquid foam and a hardener
together and pouring the mixture into a previously prepared mold.

The mold

was made from a B-inch. diameter aluminum tubing split in half and a l/2
inch thick aluminum sheet.

When the tubing was bolted to the aluminum

sheet, the desired D-shape was obtained.
Considerable time and care were required to make a D-section from
the foam.

To prepare the mold for casting, the mold was cleaned of all dirt,

waxed and polished with a paste wax and then coated with a parting com
pound.

When the mold was ready, the liquid foam and hardener were mixed

together.

Once the foam and hardener had been poured together, there was

one minute of time before the effect of chemical reaction between the li
quid foam and the hardener could be observed , During this one minute,
the hardener and foam had to be thoroughly mixed, the mixture poured into
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the mold, and the two parts of the mold "bolted together.
The great advantage of this foam appeared to be its light weight.;
but to give rigidity to the foam D-section, it was necessary to cast an
aluminum framework into the D-section.

This framework consisted of three

D-shaped aluminum plates welded to three aluminum bars.
entire length of the D-section.

The bars ran the

One D-shaped plate was placed at each

end of the D-section while the third one was placed in the middle.

The

total weight of the foam D-section with aluminum framework was two pounds.
This D-section had two disadvantages;

(l) gas formation during

castings and (2) gas formation on the surface and dimensional instability
after casting.
During the time the liquid foam and hardener were undergoing a
chemical reaction, they expanded to fill the cavity of the mold and
changed from a liquid to a solid.

While this change was taking place, a

gas was given off as a by-product of the chemical reaction.

To allow

this gas to escape, a series of small holes were drilled into the mold.
Even with the gas escape holes, two foam D-sections were discarded be
cause of gas bubbles formed on the surface during the casting process.
The problem of obtaining a satisfactory foam D-section did not end
with the casting process.

Several days after the D-sections were removed

from the mold, small gas bubbles started to appear on the surface and
parts of the D-section started to expand.

This gas bubble formation and

local expansion continued until the D-section could no longer be used as
a test model.
The difficulty in casting a D-section from foam coupled with the dif
ficulty encountered with surface smoothness and dimensional instability of
the section caused the foam D-section to be replaced by a D-section of
another material
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The second material used for a D-section was pine wood.

To make a

wood D-section, two pieces of pine wood with dimensions of 2-in.x 4-in.x ^ 8 -in,
were glued together.

When this glue had hardened, the entire piece was

put into a lathe and turned to give a circular cross-section with a dia
meter of 3-in.

To obtain the desired D~shape cross-section, the piece was

split at the glue seam.

After sanding the flat portion of the D-section,

the entire section was given a coat of lacquer.
had the desired surface and it weight 3«5 Ihs.

This lacquered pine wood
Although the wood D-sec-

tion was 1,5 lhs „ heavier than the foam section, the ease of making it
and its final surface made it more desirable as a test model.

Thus the

wood section m s used for all test runs,
OSCILLATING SYSTEM
For these tests, a framework was needed to; (l) provide a means of
holding the D-section in place, and (2) provide a place for fastening the
oscillating and measuring equipment.
of wide-flange I-beam.

This frame was made from 6 pieces

To prevent the transmission of vibrations from the

surroundings to the D-section, the framework and oscillating equipment
were made as massive as possible.
this frame.

Figure 3 shows a schematic drawing of

The main I-team was made from a 8~jh,x 10-in. wide-flange I -beam.

The main I-beam was located directly under the testing area of the wind
tunnel. The upright I-beams were ire.de from 5 3y4-3n.x 8-in.wide-flange I-beams
and were welded to the main I-beam,

The upright I-beams were used to

hold the D-section in the desired location and to weld and fasten equip
ment used to oscillate the D-section.

The motor I-beam and balancing I-

beams were made from 5 lA-in.x 8-in. wide-flange I-beams,

The motor X-

beam served two functions; (l) as a place to mount a motor which produced
the power to oscillate the D-section, and (2) as one leg of a three-point
suspension system.

The 'balancing I-beams made up the other two legs of
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this suspension system.

The suspension system was used to level the en

tire I-beam frame.
In the photographs of Figures 4 and 5? the I-beam frame can be seen.
This includes (l) main I-beam, (£) upright I-beams, ( 3) motor I-beam, and
4

balancing I-beams.
To oscillate the D-section, power and motor were transferred from

the motor to the D-section in the following manner: (l) motor to speed re
ducer, (2) speed reducer to 4-'bar linkage, (3) 4-bar linkage to 1-in. dia
meter shaft, (4) 1-in. diameter shaft to feeler-gage driving belt, (5)feeler
gage driving belt to 3/4-in. diameter shaft, (6) 3/4-in. diameter shaft
to shim-stock turning unit, and (7) shim-stock turning unit to D-section.
The motor used (number(3), Figure 4) was a l/4 horsepower a.c. elec
trical motor turning at 1725 revolutions per minute.

This motor was

connected to a 29 to 1 speed reducer (number (IT), Figure 4) by a V-belt
as shown in Figure 4.

The low speed end of the speed reducer was con

nected to a 3-inch outside diameter disk (number(7), Figure 4).
disk had two holes in it.

This

These holes were located at radii of 1-in. and

1 l/4-in. One end of a 15.5-in. long connecting rod (number(^ Figure 4)
was bolted into one of these holes.

The other end of the connecting rod

was fastened to a steel rack (number(9), Figure 4).

The rack was con

strained to move in a plane parallel to the top of the main I-beam.
disk, connecting rod and steel gear rack formed a 4-bar linkage.

The

By

using the 4-bar linkage connected to the output of the speed reducer, the
rotation of the motor was changed to a near sinusoidal motion.

The

frequency of the sinusoidal motion was varied by changing the ratio of
the motor pulley diameter to the pulley diameter on the high speed end of
the speed reducer.

The amplitude of the nearly sinusoidal output was

■siNumber in circle refers to number on figure.
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See Appendix for Meaning of Numbers
Figure 4

Photograph of Driving Motor, Speed Reducer, and 4-Bar Linkage
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Figure 3

Photograph of Feeler-Gage Stock Turning
Mechanism
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changed by putting the connecting rod (number(B), Figure 1+) into the
other hole of the disk (number^?), Figure ^).
She linear sinusoidal motion of the steel rack was changed to a ro
tational sinusoidal motion by a steel spur gear (number (05) ,Figure I)-),
meshed with the rack.

A 1 in. diameter steel shaft (number @), Figure

k or (T) Figure 5) was connected to the spur gear.

This shaft extended

the entire length of the I-beam frame, and had a 6 in. diameter pulley
(number(5), Figure 5) connected to each end.

The shaft was extended to

both sides to allow the D-seetion to be rotated from both ends.
shaft was held in place by three self-aligning pillow blocks.

The
One bearing

was placed near each end of the shaft, while the third bearing was lo
cated near the spur gear.

See number (B) of Figure 4.

The end bearing

was located just behind the lower pulley in Figure 5*
Located on top of each upright I-beam was a

diameter shaft

(number@. Figure 6) with a pulley (number(T), Figure 6 or number(6),
Figure 5) attached to one end.

The 3A~in° diameter shaft was held in

place "by two bearings similar to those used to hold the 1-in. diameter
shaft in place.

Number(^of Figure 5 shows two hearings used to hold one

of the 3A*"^n’diameter shafts in place.

The 1-in. diameter shaft and each

3 A “in. diameter shaft were connected together by a steel belt made of
0.010-in. thick by 0.5-in. wide feeler-gage stock.

The feeler-gage stock

contained two tumhuckles inserted as shown in Figure 5*

These turn-

buckles were used to adjust the positions of the top pulley with respect
to the lower pulley, and provided a means of keeping tension in the feelergage stock.

The feeler-gage stock was held fixed at the mid-point of each

pulley by a cap screw (number (G), Figure 5).

This screw prevented a ro

tation of more than + 9° degrees.
Figure 6 shows a photograph of the 3

diameter shaft and a m\±t
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Figure 6

Photograph of Shim-Stock Turning Unit
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which was called the shim-stock turning unit.

The shim-stock unit con

sisted of the following parts: (l) shaft plate, (2) turning plate, and
(3) six-piece shim-stock unit.
The shaft plate was a steel plate 12-in-long, 3-in. wide, and l/2-iru
thick (number(3). Figure 6), welded to a 3 A “in-d-iame'ter shaft.

To make

this unit, the 3 A " i n °diameter shaft was welded to the plate; the surface
of the plate was then machined until the surface of the plate was perpen
dicular to the axis of the shaft.

It was essential to have the two shim-

stock units parallel to each other and perpendicular to the 3A-in. dia
meter shaft to prevent any bending moment from being transmitted to the
D-seetion because of the oscillation applied to it.
The turning plate was a 12-in. x 12-in. xl/2-in.thick steel plate
( n u m b e r ^ Figure 6).

The turning plate was connected to the shaft plate

by steel spacers (number^, Figure 6).

Both ends of the spacers were

machined to make sure they were parallel with each other.

As with the

shaft plate and the spacers, the surfaces of the turning plates were
machined parallel with each other.
Figure 7 shows a photograph of the 6-piece shim-stock unit bolted to
the turning plate (number{^ , Figure 7)»

To make this unit, six adjusting

bracket stands (number(2), Figure 7 is a typical stand used) were bolted
to the turning plate.

Threaded into each adjusting bracket stand was an

adjusting bracket (number(3)> Figure 7 is a typical bracket).
each adjusting bracket was a steel shim stock.
0.003-in. thick and 0.3-in. wide.

Soldered to

The shim stock was

The other end of the shim stock was

soldered to a strain gage connector (numbers(§}and(j), Figure 7)*

To com

plete the shim-stock unit, the strain gage connectors were bolted to an
aluminum plate (number(3), Figure 7)•

Page 17

Figure 7

Photograph of Shim-Stock Unit Without Strain
Gages
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The D-section was connected to the shim-stock unit by a 3/8-in.dia
meter shaft.

One end of the shaft was placed inside the hole of the middle

strain-gage connecter and held in fisc© by twa set screws.

The other end

of the shaft was belted dcwn to ate end of the D-section.
The motion of the 3,A-in. diameter shaft was transmitted from 3/^-in,
diameter shaft to shaft plate, shaft plate to turning plate, and from
turning plate through shim stock, (thus giving the name of this unit,
shim-stock turning unit), into

the D-section.

This section has described the oscillating equipment used.

The os

cillating system consists of a massive framework to reduce vibration pro
blems; equipment necessary to change the rotation of an electrical motor
into sinusoidal motion/ and equipment necessary to transmit motion of
motor to D-section,

A description of each piece of equipment used is given.

FORCE MEASURING AND RECORDING SYSTEM
To measure the aerodynamic forces on the D-section, one strain gage
was glued to each of the 12 shim stocks (six on each side of the section).
Thus, as the force was applied to the D-section, it put a stress in the
shim stock.

This stress produced a strain that was measured by the strain

Figure 8 shows a photograph of the shim-stock unit with strain

gage.

gages in place.
The strain gages used in this study were Kulite Semiconductor strain
gages.

Tiiese gages were made by the Kulite Bytrex Corporation.

a gage factor of 102 + 5$.

They had

The unstrained resistance of the strain gages

used varied from 109 ohms to ,130 ohms.

This range of resistance was not

within the limit of tolerances, 111,6 ohms

to 119.1 ohms, as quoted by

the manufacturer, but still appeared to be satisfactory.
Figure 9 shows a schematic drawing of the strain gages connected to
the D-section.

The air velocity is approaching the D-section at an
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Figure 8

Photograth of Shim-Stock Unit With Strain
Gages Attached
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angle, a«

The aerodynamic forces on the D-section are;
Lift force (l.)

(FI - F3) sin a + (P6 - FU) sin a

=

+ (F5 - F2) cos a
Drag force (D)

5

(FI - F3) cos a + (f6 - Fb) cos a

=

+ (F5 - F2) sin a
Pitching moment (M)

=

6

(FI - F3) (l) - (F6 - Fk)(l)

7

where F(i) equals the total force measured 'by hoth strain gages S(i),
one strain gage on each side of the D-section and i = 1,2,3,^,5? and 6.
Example;

FI = force measured by SI on the right side of the D-section plus

force measured by SI on the left side of the D-section, 1 is the distance
as shown in Figure

9. By knowing the air velocity and the physical pro

perties of the air, the lift coefficient, drag coefficient and pitchingmoment coefficient can 'be found by the equations of Chapter I.
Figure 10 shows a schematic drawing of the strain-gage measuring
bridge used.

This "bridge can be adjusted until no deflection of the gal

vanometer is observed by adjusting the slide arm of the resistor R0.
this is done, the bridge is called a balanced bridge.

When

If R1 is now changed

by an amount AR1, there will, be a voltage potential between point?. 2 and k
of Figure 10 and a current (ip) will flow through the galvanometer causing
it to deflect.

If ARi is small campared to Rl, then the galvanometer de

flection is proportional to the change in resistance AR1, or 15 = constant
x AR1 (7).

If all four resistors, Rl, R2, R3, and R4 are changed a small

amount, AR1, AR2, AR3, and AR4, the current flowing through the galvano
meter would be proportional to (AR1 + ;SR1 - AR2 - AR3), or 15 = constant
x (API + m h - AR2 - AR3).
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The 12 strain gages used to measure forces on the D-section were con
nected into 3 strain-gage bridges like the one described.

A representa

tion of these 3 strain-gage bridges can be obtained by placing the resis
tance of the strain gage in place of resistors Rl, R2, R3, and R^ in the
following manner: (l) to measure (FX-F3)» R1 = S1W, R2 = S3E, R4 = SUB,
and R3 = S3W:j

(2) to measure (F6-F5), R1 =S6W, R2 =Sl+E, rH =s6e, and

R3 - SHWj and (3) to measure (F5-F2), R1 = S5W, R2 = S2E, Rt = S5E, and
R3 = S2W.

Where SiE refers to number of the strain gage as shown in Fig

ure 9 on the right side of D-section and SiW refers to number of strain
gage on the left side of the D-section, i = 1, 2, 3>

5 and6.

To measure the angle of attack (a), a precision potentiometer was
connected to one of the 3 / V jiru diameter shafts.

This potentiometer and

the way it was connected to the shaft can be seen in Figure 6.

To con

nect the potentiometer and the 3/4-in. diameter shaft, feeler-gage stock
was used.

The feeler-gage stock was used here in the same manner it was

used to connect the 1-in*diameter shaft to the 3A~in„ diameter shaft of the
turning system.

The resistance of the iJotentiometer -was used as one leg

of a bridge similar to the one in Figure 10.

As the D-section rotated,

the resistance of the potentiometer changed causing a current to flow
through the galvanometer which caused the galvanometer to deflect. By
use of the Visicorder and the above mentioned bridge, the angular rotation
of the D-section was measured.
The galvanometers used in this experiment were Heiland series "M"
Sub-miniature Galvanometers. The M200-120 galvanometer was used for all
measurements.

It has an internal coil resistance of 55*7 ohms and de

flection of 0.039-in* per microamp
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The forces on the D-section were measured by gluing strain gages to
the 12 pieces of shim stock.
strain-gage bridges.
on a Visicorder.

These strain gages were made into three

The output of each strain-gage bridge was recorded

To measure the angular rotation of the D-section, a po

tentiometer was wired as one leg of a resistance bridge.
this bridge was also recorded on the Visicorder.

The ouptut of

A photograph of the Visi

corder, strain gage bridges, angular measuring bridge, and other measuring,
equipment used is shown in Figure

11,
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Figure 11

Photograph of Recording Equipment
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CHAPTER III
CALIBRATION AND TESTS

In *this chapter, the calibration and method of testing the equipment
discussed in Chapter II will be treated.
OSCILIATING SYSTEM
As mentioned in Chapter II, It was essential that the shim-stock
turning units be aligned to prevent any twisting moment in the D-section
due to its being rotated.
manner.

Alignment was accomplished in the following:

To allow for alignment of the 1-in. diameter shaft and the two

3A -in.diameter shafts, the bolt holes of the pillow blocks holding these
shafts were slotted.

These slots were made so that the bearing could be

moved from side to side.

The distance between each bearing remained fixed,

the bearings could only slide in a line parallel to each other.

Any mis

alignment in the parallelism of the slots was compensated for by the
self-aligning characteristics of the bearings.
To align, the 1-in. diameter shaft, the shaft was place through all
three bearings.

The bolts holding two of the bearings were tightened,

holding these two bearings in a fixed place.

At this point, the shaft

was free to turn, and it could easily be rotated by grasping the shaft in
one hand and turning it.

Hie third bearing was adjusted and readjusted

until the shaft rotated as easily as when only two bearings were fastened
in place.

The a&jiistaent.

of the third bearing was accomplished by moving

it from side to side, and by placing the shim stock under the bearing to
adjust it for correct height.

Once the 1-in. diameter shaft was aligned,

the steel rack was adjusted until no backlash between it and the spur gear
could be observed.
To align the four pillow b3ock bearings that held the two 3A~in» dia
meter shafts, a

3A “^-rL diameter steel rod was put through all four bearings
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then one bearing on each side of the system was bolted into place.
this point, the steel rod rotated freely.

At

The other two bearings were

adjusted, bolted into place* loosened, readjusted, and bolted into place
until the shaft rotated as freely with four bearings bolted into place as
it did when only two bearings were bolted into place.
After adjusting the bearings until the steel rod rotated freely,
this rod was removed and the two shim-stock turning units were put into
place.

With a large inside micrometer, the shim-stock turning units were

checked to make sure they were parallel.

These measurements showed that

the units were parallel to within 0.015 in-.

The bending in the D-section

due to oscillation was kept to a minimum with these alignment procedures.
STRAIN GAGE SYSTEM
As shown in Figure

8, strain gages were glued to the shim stock.

These strain gages were used to measure the forces on the D-section as
described in Chapter II.

The manufacturer of the strain gages recom

mended that they be glued to the shim stock surface with an epoxy cement..
A cement containing solvent could not be used, since the impervious gags
matrix would not allow the solvent of the cement to escape (9 ).
In looking for a material that could be used for shim stocks, two
requirements were needed; (l) a material that could easily be soft sold
ered, and (2 ) a material that would keep the strain gage measuring system,
as sensitive as possible.

The sensitivity of the system was defined as

the amount of strain measured by the strain gage per unit of force applied
to it.
The stress of a system in pure tension or compression, as was the
shim stock, is proportional to the force applied to itj and the strain is
equal to stress divided by Young’s modulus of elasticity
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or

Substituting

S

=

F/A

8

e

=

S/Y

9

8 into 9 gives
e

»

10

F/AY

where
F = force applied
A - cross-sectional area of member force is applied to
Y = Young’s modulus of elasticity

8 = stress
€ = strain.
© m s for a unit force and given area* we have;

1'!

s = constant/Y

Equation 11 shows that the sensitivity of the strain gage system is
a function of Young’s modulus of elasticity of the material to which the
strain gages are glued.

To see how Tctcagfe modulus of elasticity affects

the sensitivity of the system, take two materials; Material no. 1 has a
modulus of elasticity of
x

10

where e.

1

For ;
x

8
10

l/l5 x

6
1.0

q
'C.
H

"1
€p

6
30 x 10 psi.and material no. 2 has a modulus of

—

strain measured on material .no.

on material no.

1 . and

= strain, measured

2.

By dividing the strain of one by the strain of two we have;

1

15 x 10

T

30 x 1C1'

i
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or the material with a modulus of elasticity of 15 x 10

29

psi= would have

twice as much strain in it for a given force as does the material with a
modulus of elasticity of

30 x 10^ psi., or material no. 2 would be twice as

sensitive as material no. 1.
Two materials were tested as possible materials to use for the 12
pieces of shim stock.

These materials were brass and stainless steel.

Brass was the first material used.

The brass shim stock was

0.002“in,thick and G,3““in. wide and had a modulus of elasticity of

15 x 1.0^ psi.
The procedures recommended by the epoxy cement manufacturer were
followed in attaching the strain gages to the brass shim stock.

After

the required curing time of the epoxy cement, the bond between the strain
gage and brass shim stock was checked.

It was found that a small amount

of force applied to the strain gage would, pull it from the shim stock.
In several instances, after two or three days, the strain gages fell
from the bras3 shim stock without any force being applied to it.

It was

discovered that the brass was reacting chemically with the epoxy cement
and no permanent bond could be maintained.
When it was discovered that the brass shim stock could not be used
because of bonding problems, steel shim stocks 0.003-in. thick and 0.3 in.
wide were used.
psi.

The modulus of elasticity of this shim stock was 30 x 10

The incres.se in area and the increase in Young's modulus of elas

ticity caused the sensitivity of the shim-stock unit to decrease by more
than a factor of two, but when the strain gages were glued to steel shim
stock, no bonding problem was observed.

For this reason, the steel shim

stock was used.
While testing various epoxy cements, it was discovered that those
cements tested could be dissolved in acetone.

The acetone still, had the

6
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ability to dissolve the epoxy cement after it had several weeks to harden
and cure.
As discussed in Chapter II* the 12 strain gages were connected into
three strain-gage bridges. A calibration curve was needed for each
bridge.

Before this curve could be obtained, each strain-gage bridge

needed to be balanced.

Two problems were encountered that prevented the

immediate balancing of the strain-gage bridges.

They were: (1) strain

gages shorting out through metal parts, and (2 ) unstrained resistance of
gages not within the tolerance as quoted by the manufacturer.
The gages were shorting out in two places: (l) on the leads of the
gages just as they came from the matrix covering, and (2 ) on the solder
joint where leads of gages were soldered to wires running to recording
equipment.

To prevent this shorting out effect of the lead wires next to

the gage matrix, an extra thick patch of glue was placed under the strain
gage at the point where the lead wire came out of the gage matrix.

This

extra thick patch of epoxy cement proved to be a satisfactory insulator.
Liquid insulator was put on each solder joint to prevent this spot from
shorting out through a metal part.
Since the resistance of the unstrained strain gage was not within
the limits as specified, the value of resistors Ro and R7 of Figure 10
had to be changed before it was possible to have a balanced strain-gage
bridge.

Once all short circuits were eliminated and the values of the

above named resistors were changed, all strain-gage bridges could be
balanced.
To obtain a calibraion for a strain-gage bridge, each piece of shim
stock was prestressed to about one-half its yield value.

This was done

to make sure that at all times there would be some tension in each piece
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of shim stock.

The shim stock was so flexible that it could not withstand

any compressive force.

Once the shim stock had been prestressed, each

strain-gage bridge was balanced.

During the measurement of the calibration

curve, the galvanometer and Visicorder were replaced by a Brown Portable
Potentiometer Model X26W3«

The potentiometer was used to measure the

voltage potential that would have been applied to the galvanometer.

By

knowing the resistance of the galvanometer, the amount of deflection per
unit of current flowing through the galvanometer, and the voltage potential
across it, the deflection of the galvanometer was calculated.
To obtain the calibration curve, a known weight was placed on the D~
section and the voltage potential as measured by the potentiometer was
recorded.
taken.

The weight was then increased and another voltage reading

This process was repeated until the desired curve was obtained.

Table 1 of Appendix I shows the value of weight used, the voltage re
corded for each weight, and the calculated deflection for each weight.
The information of Table 1 was plotted into a curve of galvanometer de
flection as a function of force applied to the D-section in Figure l4.
During the measurement of the strain-gage bridge calibration curve, the
section was rotated to make sure the force applied to the D-section was
acting parallel to the line of measurement of each of the four strain gages
making up the strain-gage bridge being tested.
OSCILLATING SYSTEM CALIBRATION
As reported in Chapter IX, a i-bar linkage was used to give a near
sinusoidal oscillation to the D-section.

As with the strain-gage bridge,

a calibration curve was needed for the oscillating system.

Since the

output of the rotation was measured by a potentiometer as discussed in
Chapter II, and since this potentiometer was one leg of a bridge system.
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a calibration curve of deflection versus angle of rotation was obtained in
the same manner as the calibration curve for the strain-gage bridge.

To

obtain this curve, the Visicorder was used instead of the potentiometer to
measure outputs.
was zero degrees.

The D-section was positioned until the angle of attack
At this point, the bridge measuring angular output was

balanced and a reading of galvanometer deflection taken.

The D-section

then was rotated 10 degrees in the positive direction; the positive dir
ection of rotation was defined as that direction which made the flat part
of the D-section move toward the top of the wind tunnel, or at +90 degrees
the flat section would be on top and parallel to the top of the wind tun
nel.

After the 10 degree rotation, the deflection of the galvanometer was

recorded.

The process was repeated from 0 to +50 degrees in steps of

10 degrees.

At this point, the zero degree position was checked to make

sure it did not differ from the first zero degree readings.
was then repeated for negative rotation.

The process

The values obtained from this

test are shown in a graph of galvanometer deflection versus angle of
attack in Figure 12.
TEST RUN
The following tests were run: (l) calibration curve for angular ro
tation, (2 ) comparison between angular rotation and a sinusoidal rotation,
(3 ) comparison between actual and theoretical calibration curves for
strain-gage bridge, (4) oscillation of D-section with no air velocity to
determine the inertial forces, and (5 ) oscillation of D-section with air
velocity of 30 ft/sec.

In tests 2, U, and 5> the D-section was oscil

lated at a frequency of 59•5 cycles per minute and an amplitude of 32
degrees.

By running tests 4 and 5> it was hoped to measure the inertial

force due to rotation in test 4 and in test 5 to measure inertial

forces
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FIGURE I'd

plus’aerodynamic forces.
test

By subtracting the results of test 4 from

5> the aerodynamic force could be found.
The results of these tests will be discussed in Chapter If!'.
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CHAPTER

IV

CONCLUSIONS AND RECOMMENDATIONS

During the test runs (see Chapter III), it was found that several
minor changes in the design were needed before reliable date could be
obtained.

In this chapter,, the results of these tests will be discussed

and recommendations for modification in design made.
OSCILLATION SYSTEM
Tests 1 and 2 were run to determine how close to a true sinusoidal
oscillation the 4-bar linkage with rack and pinion gave to the D-seetion.
Figure 13 shows the results of these tests.

In this graph, a true

sine wave was plotted and graphed, then the points obtained from test
were plotted.

Table 3 in Appendix I shows the percentage deviation of the

actual oscillation from the true sinusoidal oscillation.
deviation was

2

The maximum

6.0 percent.

STRAIN GAGE CALIBRATION CURVE
Figure lA shows the calibration curve for one of the three straingage bridges. Also shown in Figure l4 is a theoretical calibration curve.
The theoretical current flowing through the galvanometer of Figure 9 -was
calculated by the following equation;

15

,

(7 )

12

where 15 was the current through the galvanometer, E was the voltage ap
plied to the strain-gage bridge, R3 was the resistance as shown in Figure 10
and AR2 was the combined change in resistance of all strain gages in the
bridge.
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(R1 - R 2 )

where the resistance in the determinants are as shown in Figure 10.
Equation 12 assumes that; (l) the ‘
bridge was balanced before any force
was applied to the D-section, and (2) that AR was small compared to the
resistance of the unstrained strain gage.
Using a value of R1 = R2 - R3 * Rif « 110 ohms, R5 = 55 •7 ohms, and
E - 5
1,1+.

volts, the data was obtained for the theoretical curve of Figure

See Appendix I for more information on how the theoretical curve

was obtained.

The actual curve of Figure 1A was obtained by the method

described in Chapter III.
It should be noted on this graph that the actual calibration curve
is nonlinear and has poor agreement with the theoretical curve at nearly
all points.

It will be remembered that the strain gages used in this

study were glued to steel shim stock which was connected to the turning
plate as shown in Figures

7 and 8 . The shim stock was soldered between

a strain gage connector and an adjusting bracket as discussed in Chapter
III.

When the shim stock was placed under tension, it was found that one

side of the shim stock was placed under more tension than the other.

It

is believed that this uneven stress across the cross-section of the shim
stock was the reason for most of the non-linearity of the actual cali
bration curve. This assumption was strongly supported when a weight of
0.5 lbs. was applied to the test section.

There was no measurable volt

age potential across the galvanometer, yet a definite change in voltage
potential was measured when the force on the D-section was changed from
1 lb. to 1.5 lbs. and from 1.5 lbs. to 2.0 lbs., etc.

The change in

voltage potential across the galvanometer when going from .1 lb. to 1.5
lbs. and from I.5 lbs. to 2.0 lbs. indicates that the strain gage system
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was capable of measuring change in forces as small as 0.5 lbs.
system was capable of measuring a change in force as small as

Since the

0.5 lbs.,

when only 0.5 lbs. was placed on the D-seetion, there was no strain on the
gages.

It appeared that the portion of the shim stock with the highest

stress was absorbing the entire force of

0.5 lbs. and that portion of the

shim stock to which the gage was attached had no strain.
The shape of the actual calibration carve;, Figure 14, gives evidence
of this non-uniform stress distribution in the shim stock.
was small, below

When the force

1.5 lbs., the area directly under the strain gage was be

ing stressed very little.

As the force was increased, the highly stressed

area of the shim stock reached its yield point and local, yielding took
place. The area under the strain gage started taking more and more of the
total force.

The data points between a force of 1.5 lbs. and

6 lbs. formed

nearly a straight line as indicated by the dashed line in Figure 14.

This

indicates that in this region of forces the shim stock directly under the
strain gage was in the elastic range where stress is proportional to strain..
As the force was increased above

6 lbs., the shim stock directly under the

strain gage reached its yield point and went into the plastic range where
stress is no longer proportional to strain.

This was indicated by the sharp

increase in slope of the calibration curve above

6 lbs.

The shim stocks were resoldered several times to their connectors
each time trying to eliminate the non-uniformity of stress in the shim
stock.

Each try met with the same results and it became apparent that the

only way to eliminate this problem was to redesign, that portion of the system.
TEST RUNS 4 AND 5

Tests 4 and 5 were run as described in Chapter III, but produced no
information about either inertial forces caused by rotation or aerodynamic
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forces caused by air flowing past the B-section.

The failure of these

two tests were caused by the nonlinear stress in the shim stock.
These tests brought out one more weakness of this design.

It was

found that the two set screws in the middle strain gage connector, (see
Figures 7 and

8 ), could not hold the D-section firmly in place.

No mat

ter how tightly these set screws were tightened, after several cycles of
oscillation, the shaft connecting the D-sectipn and the middle strain gage
connector would begin to slip.
DESIGN CHANGES

The author would recommend design changes in three places; (l) a
locking device to hold the strain gage mounting plate firmly in place
while the system was not being tested, (2) the shaft connecting the Dseetion to the middle strain gage connector, and (3 ) the adjusting 'bracket
and adjusting ‘bracket stand used to apply a preload to the shim stock.
Several times in the calibration and testing of the equipment, one
of the shim stock strips was broken.

This could have been avoided and

much time saved if the system had a means of locking the strain gage turn
ing plate in place when no tests were being inn.
commended locking device.

Figure 15 shows the re

This device should be located on the back side

of the turning plate (side opposite from the strain gages and side facing
the wind tunnel.)

To lock the D-section in place, simply move both sides

inward,by means of the nut. welded on to the 10-2H- bolt,until they clamp
tightly against the 3/8-in. diameter shaft.
the

To give added assurance that

3/8 -in„ diameter shaft cannot rotate, the shaft should be knurled.
The second change in design would be to eliminate the slippage of the

3/8-in. diameter shaft inside the middle strain gage connector.

To eli

minate this problem, the author recommends a complete change in design of
the

3/8-in.. diameter shaft.
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Figure 16 shows a drawing of the new shaft.

The tapered hole on the

left end of the shaft would he used to pin the shaft and the middle strain
gage connector together.

This would assure that the shaft could not

turn inside the strain gage connector.
Before the shaft was placed in the middle strain gage connectors.,
it would he attached to the D-seetion as shown in Figure 16b.

By loosen

ing the l/2-in. diameter hex head nuts,, the D-section could rotate.

This

would give a means of aligning the D-section in proper position with res
pect to the shim stock turning unit.

Once these nuts were tightened,

the D-section would be locked in place and should not have any relative
motion with respect to the shim-stock unit.

To give added assurance that

the D-section would not slip, a Belleville Spring should he placed 'between
the head of the

3/8-in. diameter shaft and aluminum plate.

From information gained from the old design,, the new adjusting de
vice is needed and should have the following features; (.1) the bracket
must have some device to apply a preload to the shim stock, and (2) the
bracket must have a pinned joint where the 'bracket and shim stock fasten
together.

This pinned joint must compensate for any misalignment of the

shim stock and prevent an uneven distribution of stress across the shim
stock when a force is applied.
Figures 17, 1.8, and 19 show the recommended change in the adjusting
bracket.

Figure 17 shows the new adjusting bracket stand.

This stand is

similar to the old one with the following changes; (l) the width of the
stand has been increased, (2 ) a l/2-in, square block is attached to the
bottom of the stand.

This block is drilled and tapped for a 1/4-28 bolt,

and (3 ) a slot and hole have been placed in the stand at the top to hold
the shim stock adjusting bracket.
to a shim stock holder.

The adjusting bracket has been changed

The actual adjusting of tension in the shim stock

is accomplished by moving the adjusting bracket stand.
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Figure ISA shows a drawing of a shim-stock holder.
shim stock is soldered into the 0.005-in. slot.

One end of the

The shim stock holder is

then fastened to the adjusting bracket stand by the triangular pin shown in
Figure 18b.

It should be noted that this pin is l/32-in. smaller than the

hole in the adjusting bracket stand and l/32-in. larger than the hole in
the shim stock holder.

Using this arrangment, the pin will he a force fit

inside the adjusting bracket stand and a loose fit inside the adjusting
bracket.

The shape of the triangular pin and the looseness of the fit in

side the adjusting bracket will permit the adjusting bracket to set on a
knife edge.

This knife edge will permit the adjusting bracket to rotate.

Now when a force is applied to the shim stock., if there tends to be any
uneven distribution of force, the adjusting bracket will, rotate on the
triangular pin until an even stress distribution is obtained across the
entire area of the shim stock.
To adjust the tension in the shim stock, the adjusting bracket stand
is placed in a milled slot in. the turning plate; a typical slot is shown
in Figure 19.

The l/4-in. diameter hex head bolt also shown in Figure 19

is place through the turning plate and locked in place by a snap ring.
The bolt is also threaded through the 1./4-in. diameter thread hole of the
adjusting bracket stand.

Once the bolt is locked in place, when the

bolt is turned, the adjusting bracket stand will move relative to the
turning plate and the desired tension can be put upon the shim stock.
Once this tension has been obtained, the stand is held in this position bytightening the four 10-24 cup screws that fit through the slots in the
base of the adjusting stand.
One last recommendation to improve this part of the design would be
to increase the size of the shim stock.
stock of

It is possible to buy feeler-gage

0.005-in. thick and 0.5-in. wide.

The author would recommend
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buying this feeler-gage stock and having it cut to a dimension of
thick and

0.25-in. wide.

0.005-iri.

This thicker gage stock would give the advantage

of carrying more load 'before reaching its yield point and also give less
problem when soldered to the rest of the equipment.

It is also felt 'by

the author that it will he easier to glue the strain gages to the thicker
gage stock.
system.

This thicker gage stock will reduce the sensitivity of the

In Appendix. I., there is a theoretical calculation of the sensiti

vity of this thicker feeler-gage stock.

If more sensitivity is required,

it would be possible to use a different galvanometer or increase the voltage
applied to the bridge.

Care must be taken in doing both of these.

are many galvanometers available that require less current to give a

There

1-in.

deflection than the M 200-120 galvanometer used in this experiment, but as
the sensitivity to deflection goes up, the sensitivity to frequency de
creases.

For example, the M200-120 galvanometer has a nominal undamped

natural frequency of

200 cycles pier second and a deflection of 0 .039~in.

per microamp while the M40--120A has a nominal undamped natural frequency of

^0 cycles per second and a deflection of 0.125-in. per microamp.
If the voltage applied to the strain gage bridge is increased., caremust be taken not to exceed the maximum allowable current flowing through
the strain gage.
CONCLUSIONS
Several conclusions can be drawn from this work;

(l) the system, as

designed will give nearly sinusoidal rotation to the D-seetion, (2) the
system is capable of measuring a change of force of less than

0.3 lbs.,

(3 ) uneven stress distribution in shim stock made data taken in connection
with dynamic force measurements meaningless, and (k) the data taken gave
enough information to redesign the system to eliminate uneven stress dis
tribution in shim stock
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The one big problem still unanswered is;

Will the inertial force of

the Bisection due to its rotation be so large compared to the aerodynamic
force on the D-section that it will still be impossible to obtain meaningful
data?

If this is the case, more investigation and testing will need to

be done to find a lighter D-section.
Several things might be tried.
made.

A D-section from Balsa wood could be

The now existing D-section could be hollowed out.

still consider the foam D-seetion.

The author would

A new type of aluminum frame and new

casting procedure could still make this material highly desirable for
making test modesi*
RECOMMENDED TESTS
The list

of tests that could be performed on this equipment is

long, and only a few w M t h arcs '©£* asset interest to th® aurfea®? -will h® giTea.
Two questions have been raised about the entrance section to the wind
tunnel.

They are; (l) what was the actual velocity profile inside the

testing area of the wind tunnel* and (2) what was the turbulence level in
the same area?

Time and the lack of equipment would not permit the author

to investigate these problems in any detail.

Therefore* before further

testing of aerodynamic forces on the D-section is continued, it is recom
mended that these two problems be studied.
Other tests that could be conducted on this equipment are; the ef
fect on the aerodynamic forces caused by (a) varying the air velocity,
(b) varying the frequency and/or amplitude of oscillation* (c) the sur
face smoothness of the D-section, and (d) the turbulence level.
The author has only one regret in connection with this work.
is* there was not enough time to accomplish the above named tests

That
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APPENDIX

I

Table 1 - Data for Actual Deflection of Galvanometer for Strain-Gage Bridge

Force on
D-Section
in Pounds

Voltage as measured
by a potentiometer
in millavolts

Deflection of
galvanometer
in inches

0

0

.00

0.5

0

.00

1.0

1.00

.70

1.5

1.30

.91

2.0

2.05

1M

2.5

2.95

2.06

3.0

3-35

2.3b

3.5

^.55

3.18

h.o

5.J+0

3.78

5.0

7.20

5.0^

6.0

8.90

6.20

7.0

11.30

7.90

8.0

1H .30

10.00

9.0

15 A o

10.70

10.0

17.50

12.20
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SAMPLE CALCULATION OF THEORETICAL
DEFLECTION CURVE FOR GALVANOMETER

Referring to Figure 10, if R2 is changed by a small amount AR2, the
current flowing through the galvanometer can be found by Equation ;13 •

15

=

(E x4R2 x R3)/A

(7)

13

where
15

current flowing through galvanometer

E

voltage applied to strain-gage bridge

AR2

combined change in resistance of all strain gages in the bridge
resistance as shown in Figure 10.

R3
And:

A

=

-R2

-(Rl

+ R2)

-R5

(Rl

+ R3)

-Rl

Rk)

—R2

(R2 + R^ +R5) (R2

+

(R1

+R2)

The resistances in the determinant are as shown in Figure 10.
Letting Rl = R2 = R3 = R^ = 110 ohms, R5 = 55-7 ohms, and E = 5.6 volts^
A

=

-8.02 x 10

-6

ohms

3

and 15 = (5.6 volts x 110 ohms x AR2)/ -8.02 x 10
or

15

=

76.81 AR2

pA

ohms'5

1^

Glueing the strain gages to steel shim stock haveing the following
physical properties,
-U

in

2

A

=

9 x 10

Y

=

30 x 10 psi

e

=

S/Y

6

we have:
15
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"but
S
or substituting

=
l6

16

F/A
into

€

f /(a y

15

gives,
rr

)

where,
F

=

force applied to shim stock

A

=

area of shim stock

Y

=

Young's modulus of elasticity

S

=

stress of shim stock

€

=

strain of shim stock

Using a force of 2 pounds, the strain on the shim stock is
( 2 lb)/(9 x 10"* in2 x 30 x 106 psi)

e

=

1.kl x 10r5in/in

From strain gage theory, the gage factor is defined by Equation

19

18

(7>8)

« - ( f )/ <r>

19

where
G

=

gage factor

AR

=

change in resistance of strain gage due to a given strain

R

=

unstrained resistance

Al

=

change in length of strain gage

1

=

unstrained length.

It will be noted that:

e

A 1
1

20
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Substituting 20 into 19 and. rearranging gives

&R2

=

e x G x AR2

21

Using a gage factor of 100, we have
AR2

=

7.In x 10

5 in/in x 100 x 110 ohms = 0.815 ohms

22

Substituting Equation 22 into 1.4 gives;
15

-76.81 x 0.815

=

A

=

62.6

A

23

The deflection of the galvanometer can be found by Equation 24,
Def.

=

15 x Sen.

24

where
Def

=

deflection of galvanometer

Sen

~

sensitivity of galvanometer.

Using the M200-120 galvanometer with sensitivity of 0.039 in/aA*,
Def

=

-6„26l(A. x 0.039 in/jiA- = -2.44 in.

25

See Table 2 for a complete table of force applied to strain gage
bridge, theoretical current flowing through the galvanometer-, and theo
retical deflection.
THEORETICAL DEFLECTION OF GALVANOMETER USING 0.25 BY 0.005 INCH: FEELER
GAGE STOCK
Using the same values as in the previous section except for area
of shim stock and force applied to shim stock, we have
...
_k
p
e = (l Ib,)/(12„5 x 10 ^ in^ x 30 x 10^ psi.)
From 17s
or;

and

€

=

Prom 21:

AR2 =

From l4;

15

From 25:

Def =

2.78 x 10“5 in/in.

2.78 x. 10 '' in/in.x 100 x .110 ohms = 0.306 ohms

=■ 76.81 x 0.3061M

=

-23.50/tfA

-23.5k A x 0.039 in//A

=

-0„9 in.

Or for 1 lb. of force applied to the feeler-gage stock, the galvanometer
will deflect

0.9 inches
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TABLE 2 - Theoretical Deflection, of Galvanometer

Force in
Pounds

Current in
Microamps

0.00

0.0

-

0.5

- 15.6

- 0 .6l

1.0

- 31.2

- 1.22

1.5

- 46.9

- 1.83

2.0

- 62.5

- 2.44

2.5

- 78.2

- 3.05

3.0

- 93.8

- 3-66

3.5

-109.5

- 4.27

4.0

-125.1

- 4.88

4.5

-l4o.8

- 5.49

5.0

-156.4

- 6.10

5.5

-172.1

- 6.71

6.0

-187.7

- 7.32

6.5

-203.4

- 7.93

T.o

-219.0

- 8.54

7.5

-234.6

- 9.15

8-.0

-250.3

- 9.76

8.5

-265.9

-10.37

9.0

-281.6

-IO .98

9.5

-297.2

-11.59

10.0

-312.9

-12.20

#

0

Deflection
in Inches

Data in this table was obtained with the help of a Bendix G-15 Digital
Computer.
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TABLE 3 - Data for Oscillation of D-Section

Percentage of
Period of Sine

True Sinusoidal
Rotation in
Degrees 0ip

Actual
Rotation ©a
0

9m
T - 9.
A
0

Percent
Deviation
0

0

0

5

9.9

10.0

-o.id

-1.0

10

18.8

20.0

-1.2

-6.0

15

25.9

27.0

-1.1

-k.l

20

30.U

30.0

0.1+

1.3

25

32.0

32.0

0

0

30

30.^

30.0

0.1+

1.3

35

25.9

27.0

-1.1

-l+.l

Uo

18.8

18.0

0.8

k.k

k5

9-9

10.0

-0.1

-1.0

50

0

0

0

0

55

- 9.9

-10.0

0.1

-1.0

60

-18.8

-20.0

1.2

-6.0

65

-25.9

-27.0

1.1

-k.l

TO

-30.4

-31.0

0.6

-1.9

75

-32.0

-32.0

0

80

-30.U

-31.0

0.6

-1.9

85

-25.9

-27.0

1.1

-k.l

90

-18.8

-20.0

1.2

-6.0

95

- 9-9

-10.0

0.1

-1.0

100

0

0

0

0

0
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APPENDIX

II

MEANING OF NUMBERS FOR FIGURES AND TABLES

Figure k
(1)

Main I-beam

(2)

Upright I-beam

(3)

Motor I-beam

(U)

Balancing I-beams

(5)

Driving motor

(6)

Speed reducer

(7)

3-inch diameter disk for adjusting amplitude of oscillation

(8)

Connecting rod

(9)

Steel gear rack

(10)

Steel spure gear

(11)

1-inch I.D. pillow block

(12)

1-inch diameter shaft

Figure 5
(1)

Main I-beam

(2)

Upright I-beam

(3)

Motor I-beam

(k)

Balancing I-beam

(5)

Lower pulley

(6)

Upper pulley

(7) 1-inch diameter shaft
(8)

3A

inch I.D. pillow blocks

(9)

Feeler-gage stock

(10)

Turn buckle

(11)

Cap screw
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Figure 6
(1)

Upper pulley

(2)

3fh inch I.D. pillow blocks

(3)

Angular measuring system

(4)

3/b inch

(5)

Shaft plate

(6)

Turning plate

(7)

Spacer

(8)

Shim stock

diameter shaft

(9 ) Wind tunnel
(10)

Upright I-beam

Figure 7
(1)

Turning plate

(2)

Adjusting bracket stand

(3)

Adjusting bracket

(I*)

Shim stock

(5 )

Strain gage connector plate

(6)

End strain gage connector

(7)

Middle strain gage connector

(8)

Spacer
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ABSTRACT

A wind tunnel and force balance were designed and built to study
the aerodynamic forces on an unsymmetrical body.

Equipment was designed

and built to give a near sinusoidal oscillation to a D-section.

Equip

ment was also designed and built to continually measure and record the
three aerodynamic forces of lift, drag, and pitching-moment of the Dsection as it was oscillated in an air stream.
After the equipment had been built, it was tested to:

(l) determine

how close the oscillation of the D-section was to a true sinusoidal oscilation, and (2) measure the aerodynamic forces of lift, drag, and pitchingmoment.

Calibration curves are presented for the force measuring equip

ment and oscillating measuring equipment.

These curves are compared to a

set of theoretical calibration curves.
Small weaknesses in the design prevented any meaningful data from
being obtained when measuring aerodynamic forces; but from the tests con
ducted, the necessary information was obtained to redesign the system.
new design is presented.
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